Objective To evaluate the accuracy of estimated fat mass and fat-free mass from bedside methods compared with reference methods in children with chronic illnesses.
M alnutrition and alterations in body composition, fat mass, and fat-free mass are prevalent in children with chronic illness. [1] [2] [3] Low fat-free mass has been identified in children with chronic respiratory failure, hematopoietic stem cell transplantation (HSCT), cystic fibrosis, and spinal muscular atrophy, and has been associated with poor clinical outcomes. [4] [5] [6] [7] Fat mass and fat-free mass may be influenced by the disease state, comorbidities, and nutritional support. However, pediatric nutritional assessments are based predominantly on weight trends, and may not be able to detect underlying alterations in body composition. 2 Accurate serial body composition assessment is an important component of a comprehensive nutritional evaluation and might help to determine the impact of chronic illness and nutritional interventions in children recovering from illness.
A variety of methods have been used to assess fat-free mass and fat mass in children. Methods such as dual energy x-ray absorptiometry (DXA) and deuterium isotope dilution technique are resource intensive and not available routinely in the clinical setting. 8, 9 Skinfold measurements and bioelectrical impedance analysis (BIA) are portable and inexpensive techniques that are extensively used in the clinical setting. [9] [10] [11] These techniques use equations to estimate fat mass from skinfold measurements or estimate fat mass and fat-free mass using equations applied to impedance and resistance values obtained by BIA. [12] [13] [14] [15] [16] [17] [18] [19] [20] These equations have been developed in heterogeneous cohorts of children, a majority of whom have no comorbidities.
In this study, we examined the correlation and agreement between estimated values of fat mass and fat-free mass (using published equations for the skinfold and BIA techniques), and values obtained by reference techniques (DXA and deuterium isotope dilution). 
ORIGINAL ARTICLES

Methods
We conducted a retrospective analysis of body composition measurements (fat mass and fat-free mass) obtained during multiple encounters in 56 patients enrolled in 3 studies. 2, 21 The entire cohort represented children with chronic illnesses, specified below. Study procedures included DXA (n = 91), BIA measurements (n = 133), skinfold measurements (n = 134), and deuterium dilution (n = 36; in 2 of 3 studies). In some subjects, body composition assessments including simultaneous measurements by DXA, BIA, skinfold thickness, and deuterium dilution method were repeated over time. Data from 90 encounters that included DXA, skinfold thickness, and BIA results were included in the analyses of fat mass and fat-free mass values; of these, 35 encounters that included deuterium dilution values were included in the analyses of fat-free mass values. Tables I and II depict the characteristics, sample size, and measurement distribution among the 3 studies. Study 1 (n = 16 patients) was a prospective pilot study of children 5-14 years of age with intestinal failure (IF) from Boston Children's Hospital with multiple encounters.
2 Study 2 (n = 10 patients) was a prospective cohort study of children ages 2 and older with spinal muscular atrophy types II and III at Boston Children's Hospital with single encounters (unpublished data). Study 3 (n = 30 patients) was a randomized, double-blind, controlled clinical trial of parenteral nutrition provision in children over 6 years of age who underwent HSCT with multiple encounters. 21 All measurements were completed by experienced advanced dietitians from the Center for Nutrition at Boston Children's Hospital, using standard institutional protocols, including experienced dietitian staff from the institutional Clinical and Translational Study Unit. All measurements were completed on the same study visit. Institutional review boards approved each study and parents or guardians gave written informed consent for participation, including subject assent, as appropriate for age and developmental level. Demographics, anthropometric measurements, and body composition data from skinfold measurements, BIA, DXA, and deuterium isotope dilution technique were obtained and analyzed as a single cohort. The Boston Children's Hospital Institutional Review Board approved the current study examining the aggregate data for post hoc analysis.
Body Composition Assessment
Anthropometry. All anthropometric measurements were performed in triplicate, and the average value of these 3 measurements was recorded. At each study visit, subjects' weights were obtained on an electronic digital scale accurate to the nearest 0.1 kg per institutional standard protocol, without shoes and with light clothing on. Standing height was measured to the nearest 0.1 cm for those patients able to stand. If patients had contractures or were unable to stand, a segmental length was measured by trained dietitians while the patient rested on a bed. Segmental length was measured from the top of the scalp to the acromion process, to the top of the iliac crest to midpatella to the ball of the heel.
Triceps, biceps, iliac, and subscapular skinfold thickness were measured to the nearest 0.2 mm using skin calipers and standard technique.
2,21
Estimating Methods of Fat Mass and Fat-Free Mass. Fat mass (kg) and fat mass percent were estimated using skinfold measurements and the following published equations: Brook, Wendel 2-skinfold, and Wendel 4-skinfold. 9, 12 A multifrequency bioelectrical impedance device (Bodystat Quadscan 4000, Bodystat, Inc, Isle of Man, British Isles) was used with subjects in the supine position. Current-injector electrodes were placed just below the phalangeal-metacarpal joint in the middle of the dorsal side of the right hand and below the metatarsal arch on the superior side of the right foot. Detector electrodes were placed on the posterior side of the right wrist, midline to the pisiform bone of the medial side with the wrist semiflexed and between the medial and lateral malleoli on the superior side of the right ankle. Impedance was measured at 5, 50, 100, and 200 kHz. Estimated fat-free mass percent was calculated from published BIA based equations represented in Table III . [13] [14] [15] [16] [17] [18] 20 Reference Methods for Fat Mass and Fat-Free Mass Measurements. Whole body DXA scans were obtained in subjects 5 years and older in the anterior posterior supine position using a Hologic Discovery A (Hologic, Inc, Marlborough, Massachusetts) fan beam scanner generating radiation at 2 energy levels (100 and 70 kV) for studies completed before September 2014 (n = 80) and the Hologic Horizon A (Hologic, Inc) for studies completed on and after September 2014 (n = 10). The devices use the differential attenuation of the x-ray beam at these 2 energies to calculate the bone mineral content and soft tissue composition in the scanned region. Using the Hologic Pediatric Upgrade software, data were reported as grams of fat mass and grams of fat-free mass. Percent fat mass and fatfree mass were calculated using measured total body weight.
Enteral nutrition was held 1 hour before the administration of deuterium-enriched water ( 2 H2O). A baseline predeuterium administration urine sample was obtained. A 0.2 g/kg dose of 2 H2O, prepared by the pharmacy department, was then administered either orally or via gastrostomy. A minimum of 3.5 hours after 2 H2O administration, a postdeuterium urine sample was collected. Isotope enrichment was measured by gas isotope mass spectrometry (Metabolic Solutions, Inc, Nashua, New Hampshire). Total body water was calculated and used to derive fat-free mass as previously published.
2
Statistical Analyses
Data were tested for normality by the D'Agostino and Pearson test and found to be non-normally distributed. 22 Continuous data are presented as median (IQR) and categorical data as frequency (percentage). Estimated fat mass (kg) by previously published equations and fat mass (kg) obtained by DXA were examined for correlation and agreement analysis. Estimated fat-free mass (kg) by previously published equations and fatfree mass (kg) measured by DXA and deuterium dilution isotope techniques were examined for correlation and agreement analysis. Spearman rank correlation coefficient was used to examine for correlation (R and 95% CIs). The Bland-Altman (BA) method was used to examine the agreement (mean bias and 95% limits of agreement [LOA] ) between the 2 methods. 23 Proportional bias in the BA plot was considered significant if the R 2 of the slope of the plotted percent difference versus mean values between the 2 methods of measuring body composition was >0.7. We decided a priori that R > 0.7 would be considered a strong correlation and that clinically acceptable LOA between estimated and measured values would be within ±20%. Some of the subjects had repeated body composition measurements at different time points. To examine the impact of these repeat measurements on the analyses, we examined the correlation and agreement analyses using only the initial measurements, and including all measurements. Statistical significance was set at P < .05. Statistical analyses were completed using Prism (v 5.04, Graph-Pad Software Inc, La Jolla, California).
Results
The combined cohort included 56 individual patients of whom 55% were male and the median age was 11.6 years (7.4-16.3). Median weight for age z-score, height for age z-score, and body mass index z-score were −0.35 (−1.15 to 0.50), −0.82 (−1.70 to −0.18), and 0.31 (−0.33 to, 1.10), respectively. Table I summarizes the baseline characteristics of the individual and combined cohorts. The HSCT and IF cohorts were significantly different in median age (HSCT 13.9 years vs IF 7.6 years; P < .001). Estimated and measured values of fat mass percent and fat-free mass percent for patients in the individual cohorts and for the combined cohort are presented in Table II .
We identified 90 paired DXA, skinfold thickness, and BIA measurements. Thirty-five encounters had a deuterium isotope dilution method in addition to DXA, BIA, and skinfold thickness measurements. Table III summarizes the agreement and correlation analyses between the measured and estimated values of fat mass (kg) and fat-free mass (kg) using these methods. The analyses using only the measurements from the initial time point for each subject and the analyses using all measurements reflected the same trend; therefore, the results of the analyses using all measurements are presented here. Correlation between all estimated fat mass and fat-free mass values by equations and measured fat mass and fat-free mass values by DXA, and deuterium isotope dilution method, where 
Discussion
In a heterogeneous cohort of children with chronic illness, we report that currently used estimating equations for fat mass and fat-free mass by noninvasive bedside methods are inaccurate and not reliable. We detected a strong correlation between fat mass and fat-free mass values derived by estimating equations with values measured by DXA and deuterium dilution method. However, the LOA between the estimated and measured values were at or above ±20%, and therefore not acceptable clinically. Based on our findings, currently published equations for fat mass and fat-free mass by skinfolds and BIA techniques do not provide accurate estimations of these body composition values. New estimating equations for bedside techniques, specifically developed for children with chronic illness, are needed to allow reliable trending of body composition in this population. A variety of pediatric chronic illnesses, including chronic respiratory failure, cerebral palsy, cystic fibrosis, and IF, impact body composition, particularly alterations in lean body mass. 1, 2, 24, 25 Routine weight, height, and body mass index (BMI) trends over time may be unable to detect underlying deterioration of lean mass in these populations. The accurate assessment of body composition is important in children with chronic illness, because it has been associated with poor clinical outcomes. 4, 5, [26] [27] [28] Characterization of weight as fat-free mass and fat mass allows assessment of response to nutritional interventions aimed at decreasing fat-free mass loss and improving clinical outcomes. 5, 6 Reference methods of body composition measurement such as DXA, isotope dilution, and computed tomography scan, require special instruments, resources, and expertise. Hence, these methods have limited applicability in the clinical setting. The portable and relatively noninvasive methods such as BIA and skinfolds are popular and have been used in a variety of populations and settings. These methods rely on equations to derive fat mass or fat-free mass from skinfold thickness or body tissue impedance to electric current using BIA. Many BIA and skinfold thickness equations have been developed, primarily in healthy children, to estimate body composition. In our current study, these equations were not in agreement with reference methods, and the accuracy of these equations cannot be assumed in clinical practice.
The Brook fat mass estimating equation was developed in a small cohort of healthy children and compared with the deuterium dilution method with a reported correlation coefficient of 0.98. 29 The Wendel 2-skinfold and Wendel 4-skinfold equations were developed with a mixed dataset composed primarily of healthy children, and a small cohort of children with trisomy 21, nephrotic syndrome, and celiac disease. The Wendel 2-skinfold and Wendel 4-skinfold equations for males and females had a correlation coefficient between 0.85 and 0.92. 12 In our study, all skinfold thickness-based estimating equations had strong correlation coefficients but wide LOA, reducing their clinical applicability. The inaccuracy of skinfold thickness-based fat mass estimating equations may be due to inaccurate measurement of skinfold thickness or invalid equations that were derived from healthy pediatric populations. The accuracy of skinfold thickness measurements may be influenced by the operator experience and skill, location of the measurement, patient cooperation, and underlying disease. 10, [30] [31] [32] [33] [34] [35] Last, skinfold thickness measurements may not represent fat distribution accurately, often underestimating visceral fat, which has been associated with clinical outcomes. 36, 37 BIA is portable, relatively simple to perform, and has a lower risk of error from interobserver variability. The device is relatively inexpensive and maintenance is not cumbersome. Hence, several equations have been developed using impedance and resistance values from BIA to estimate fat-free mass. In relation to reference methods such as DXA and the deuterium isotope dilution method, these equations have correlation coefficients of greater than 0.9. 12-20 These equations were derived using body composition data from mostly healthy children from diverse ethnic backgrounds and a wide age range. In our current study, BIA-based fat-free mass estimating equations had strong linear correlation with reference methods, but LOA were wider than ±20%. Inaccuracies of the BIA-derived body composition values might be due to erroneous measurement of impedance to electric current. Bioelectrical impedance analysis assumes a constant hydration state; therefore, altered fluid states can significantly influence the accuracy of impedance measurements. 38 This technique also assumes a symmetric geometry, which can be altered in severely obese patients or possibly patients with contractures or other truncal or extremity deformities. 38, 39 Our study combined 3 distinct cohorts with prospectively collected body composition data. These cohorts represent children with chronic illnesses in whom body composition was assessed using near identical study procedures. The baseline anthropometric status of our study cohort was comparable with that of previously published studies, which included patients with similar diagnoses. [40] [41] [42] We included 90 paired values to examine the correlation and agreement between estimating and reference methods. We included multiple available and clinically used estimating equations and reference methods. Our study design allowed us to examine the agreement between estimating and measured values in a wide range of ages and clinical diagnoses. A strong correlation between measured body composition from 2 methods reflects at best an association between the 2 values, but does not provide information as to the accuracy of the estimating method. Mean bias and LOA obtained by the BA method may provide more information regarding the accuracy of the estimating method; however, there might be a risk for proportional bias across a wide range of measured values. Proportional bias was not significant in our cohort, as seen in the BA plot of percent difference versus mean value of the 2 methods of measuring body composition. The LOA may also be affected by sample size and the performance of the reference method. Our results add to the existing literature on comparison between clinically applicable and practical estimating and reference methods that are available to clinicians. 43, 44 The deuterium dilution method was only completed in 35 patients in 2 of the 3 cohorts. This smaller sample size may have contributed to differences between how estimating equations and DXA versus estimating equations and deuterium dilution method compared in our analyses. The analyses in our current study were also limited by its retrospective nature. Variables that might influence estimating methods, such as fluid status and inflammation, were not recorded in the original studies. The agreement between estimated and measured values may be variable between the distinct cohorts that were combined for our study. The numbers in each cohort were too small to make meaningful determination of the impact of disease type on the accuracy of estimating methods. The diverse underlying disease processes also did not allow for comparison of disease severity. There were few patients with paired estimated and measured values by isotope dilution.
Most currently available equations to estimate fat mass and fat-free mass by skinfold thickness and BIA methods cannot be used reliably in hospitalized children with chronic illness or in the outpatient clinics during convalescence. New equations, validated in children with chronic illness, are desirable. ■
